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Modulation of TiSiN effective work function using high-pressure postmetallization annealing in dilute oxygen ambient
To increase the effective work function of a W / TiSiN metal gate stack without an equivalent oxide thickness ͑EOT͒ increase, we developed a process for high-pressure postmetallization annealing in diluted oxygen ambient. Compared with annealing in an atmospheric pressure, oxygen postmetallization annealing ͑PMA͒ in a high-pressure ambient ͑1-20 atm͒ showed further modulation of the effective work function ͑4.6-4.8 eV͒ without an EOT increase. These differences can be attributed to total amounts of oxygen supplied to gate stack system. Additionally, the origin of EOT increase after the oxygen PMA was attributed to oxidation of the capping metal. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2953192͔
With the scaling of complementary metal-oxidesemiconductor ͑CMOS͒ devices, polycrystalline silicon gates suffer from serious problems, such as high sheet resistance, gate depletion, and dopant penetration. [1] [2] [3] To overcome these problems, polycrystalline silicon gates should be replaced with metal gates in future CMOS devices. 4 However, the generation of oxygen vacancies ͑V o ͒ reduces the effective work function of p-channel metal-oxide-semiconductor ͑PMOS͒ metal gates on high-k gate dielectrics towards midgap values.
5, 6 Based on a recent publication, 6 V o in a high-k layer and oxygen interstitial in a metal gate form a dipole at the interface. The Fermi level of the metal gate rises due to this dipole, and consequently the effective work function decreases to the midgap. Because the effective work function directly affects the threshold voltages of PMOS devices, many recent attempts have been made to increase the range of the metal electrode effective work function. [7] [8] [9] [10] [11] [12] [13] Considering process compatibility, the passivation process of V o sites by low-pressure postmetallization oxygen annealing ͑LPOA͒ seems to be the simplest way to modulate the effective work function. [11] [12] [13] In previous works on LPOA, Ru and Re were mainly used for the metal gate. [11] [12] [13] However, these metals form a conducting oxide between the metal and high-k dielectric oxide during LPOA, and the effective work function evaluation could have been skewed. Moreover, an equivalent oxide thickness ͑EOT͒ increase was reported after LPOA with high oxygen concentration ͑higher than 100 ppm͒. 11 Thus, it is necessary to develop suitable metal gate materials and optimum oxygen annealing conditions while minimizing the EOT increase. In this work, we evaluated the feasibility of a method using high-pressure postmetallization oxygen annealing ͑HPOA͒ of metal gate/high-k stacks to reduce the V o sites.
After the standard cleaning of a p-type silicon wafer, a 1 nm thick SiO 2 interfacial layer was formed and subsequently, a 3 nm thick HfSiO x gate dielectric was deposited via an atomic layer deposition process. To improve the dielectric quality, all samples were annealed in nitrogen ambient before metal depositions at 700°C for 5 min. TiSiN metal with a tungsten capping layer was deposited by using an in situ sputtering technique. After the metal gate deposition, all samples were annealed in a standard forming gas ambient at 400°C for 30 min. The sample after forming gas annealing was selected by the control sample. Finally, to investigate the effects of annealing pressure on V o sites, LPOA and HPOA with various dilute oxygen gas conditions was carried out at 400°C for 30 min. Diluted oxygen gases denote mixtures of a small amount of oxygen gas ͑10 and 100 ppm͒ and nitrogen gas. The LPOA was carried out in the atmosphere with oxygen flow, while HPOA was performed in high-pressure ambient without oxygen flow. In the HPOA process, the pressure was adjusted from 1 to 20 atm. Capacitance-voltage ͑C-V͒ characteristics were measured at 100 kHz. The EOT and flatband voltage values of the MOS devices were extracted using the NCSU-CVC model. 14 Figure 1͑a͒ shows the C-V results after LPOA ͑closed symbol͒ and HPOA ͑open symbol͒ at various gas pressure conditions. For LPOA, the flatband voltage was shifted with increasing oxygen concentration. However, LPOA with a 100 ppm oxygen flow caused an increase in EOT, while for HPOA, at the same oxygen partial pressure condition, a flatband voltage shift was observed without an EOT change. Figure 1͑b͒ shows V fb and EOT variation, varying the oxygen partial pressure in detail. As the oxygen partial pressure increases, significant EOT increases were observed under LPOA. These EOT difference between LPOA and HPOA can be explained by the total amount of oxygen used during annealing. During LPOA, unlimited oxygen provided via oxygen flowing at some certain rate caused the EOT increase. In contrast, a limited amount of oxygen during HPOA increased the flatband voltage via passivation of the V o without increasing EOT.
To understand the origin of the dependence of EOT change on oxygen concentration, the oxygen distribution in W / TiSiN / HfSiO x stacks was investigated via x-ray photoelectron spectroscopy ͑XPS͒, as shown in Fig. 2͑a͒ tungsten top surface, all samples show the same oxygen atomic percentages due to air exposure. In contrast, the LPOA sample with a thicker EOT shows a higher oxygen concentration at tungsten layer. Except for tungsten layer, similar oxygen atomic percentages were observed at all samples. In Fig. 2͑b͒ , the O 1s XPS spectra at the tungsten bulk indicate the formation of an oxygen compound. For that location, O 1s peaks at 530.5 eV are in agreement with the O 1s binding energy range of metal-oxide compound types ͑528-531 eV͒. 15 The results shown in Figs. 2͑a͒ and 2͑b͒ suggest that the EOT increase after high concentration oxygen annealing is mainly induced by the formation of a parasitic capacitor in the tungsten bulk. To obtain additional evidence regarding the oxidation of the tungsten bulk, the line resistance of all samples were measured at a line pattern using a semiconductor parameter analyzer ͑HP 4155C͒ under same distance ͓The inset of Fig. 2͑b͔͒ . The LPOA sample with an EOT increase showed line resistance 50 times higher than that of the control sample, which agree with the result shown in Fig. 2 .
The oxide formation under LPOA is caused by the critical oxygen partial pressure. Based on previous reports, 16, 17 two different models for metal oxidation under the reduced oxygen partial pressures have been proposed. If the oxygen partial pressure is lower than the critical value, little oxide growth is observed. The oxide thickness shows a rapid increase in the case of a higher applied oxygen partial pressure than the critical value. Considering Fig. 1͑b͒ , the oxygen critical partial pressure seems to be between 10 −5 and 10 −4 atm. For the LPOA case ͑100 ppm flow͒, higher oxygen partial pressure than this critical value is continuously maintained, which further induces the formation of tungsten oxide. On the other hand, oxygen partial pressure of HPOA gradually decreases below the critical value during annealing. The slight increase in line resistance during HPOA can be negligible considering the same EOT values before and after HPOA. The effect of the annealing pressure on the flatband voltage was investigated by varying the annealing pressures, as shown in Fig. 3 . As oxygen partial pressure increases in response to the applied annealing pressure, the flatband voltage moves in the positive direction without any EOT increase. These flatband voltage changes can be understood by Henry's law. According to Henry's law, oxygen gases have more solubility and diffusivity in proportion of oxygen partial pressure. 13 Therefore, as applied annealing pressure increases, the amounts of oxygen combined with V o sites increase. The largest flatband voltage shift ͑210 mV͒ without an EOT increase occurs under HPOA in 20 atm. Although oxygen partial pressure under HPOA in 10 and 20 atm was higher than the critical oxygen partial pressure, an EOT increase was not observed. It can be explained by thermodynamics. From Ellingham diagrams, 18 we can get the standard Gibbs free energies of each material. The Gibbs free energy for formation of HfO 2 and SiO 2 are about −960 and −760 kJ/ mol at 400°C. While the Gibbs free energy for the Fig. 3 . In summary, we demonstrated that the high-pressure oxygen annealing increases the effective work function of the TiSiN electrode. Unlike in the LPOA case, total amounts of oxygen can be properly adjusted by controlling the gas pressure without increasing the EOT. Using a TiSiN gate, the effective work function of 4.8 eV was obtained at by optimizing the process conditions. These results show that HPOA is a promising method for the modulation of the effective work function of metal electrodes. 
